Eukaryotic small RNAs regulate gene expression through various mechanisms, intervening at both transcriptional and post-transcriptional levels (for review, see Ghildiyal and Zamore 2009) . Small RNAs are divided into classes according to their mechanism of biogenesis and their particular Argonaute protein partner. Piwi-interacting RNAs (piRNAs) bind Piwi-clade Argonaute proteins and act mainly in gonadal tissues to guard genome integrity by silencing mobile genetic elements (for review, see .
Conceptually, the piRNA pathway can be divided into several different phases. During the initiation phase, small RNAs, called primary piRNAs, are produced from their generative loci, so-called piRNA clusters ). These give rise to long, presumably single-stranded precursor transcripts, which are processed via an unknown biogenesis mechanism into small RNAs that are larger than canonical microRNAs (;24-30 nucleotides [nt] ) (Aravin et al. 2006; Girard et al. 2006; Grivna et al. 2006; Lau et al. 2006; Vagin et al. 2006) . Primary piRNAs become stably associated with Piwi proteins to form Piwi RISCs (RNA-induced silencing complexes), which also contain additional proteins that facilitate target recognition and silencing. During the effector phase, Piwi RISCs identify targets via complementary base-pairing. In some cases, for example, with Aubergine as a piRNA partner, there is strong evidence for target cleavage in vivo Gunawardane et al. 2007 ). This nucleolytic destruction of transposon mRNAs is probably the main Aubergine effector mechanism, although this has not been rigorously demonstrated. Piwi also conserves the Argonaute catalytic triad; however, in this case, both its nuclear localization and its association with certain chromatin proteins suggest the possibility of transcriptional and post-transcriptional effector pathways (Brower-Toland et al. 2007; Klattenhoff et al. 2009; Saito et al. 2009 ). An additional phase, adaptation, is restricted to germ cells and constitutes the ping-pong cycle. During this phase, transposon mRNA cleavage directed by primary piRNAs triggers the production of secondary piRNAs, whose 59 ends correspond to cleavage sites Gunawardane et al. 2007 ). These generally join Ago3 and enable it to recognize and cleave RNAs with antisense transposon content, perhaps piRNA cluster transcripts. Cleavage by Ago3 RISC again triggers piRNA production from the target, closing a loop that enables the overall small RNA population to adjust to challenge by a particular transposon (for review, see Aravin et al. 2007 ). Finally, piRNA populations present in germ cells can be transmitted to the next generation to prime piRNA responses in progeny (Brennecke et al. 2008) .
In Drosophila follicle cells, only the initiation and effector phases appear relevant (Brennecke et al. 2008) . Here, the piRNA pathway relies on the coupling between a single Piwi protein (Piwi itself) and a principal piRNA cluster (flamenco) to silence mainly gypsy family retrotransposons (Sarot et al. 2004; Saito et al. 2006; Brennecke et al. 2007; Li et al. 2009; ). Drosophila ovarian somatic sheet cells (OSS) display many of the properties of follicle cells, and represent a convenient system to study the initiation and effector phases of the piRNA pathway without the complications inherent in the study of complex tissues in vivo (Niki et al. 2006; Lau et al. 2009; Saito et al. 2009 ). We therefore sought to leverage information derived from the use of RNAi in OSS cells with the analysis of ovaries derived from mutant animals to probe the roles of known piRNA pathway components in the initiation and effector phases of transposon silencing.
Results and Discussion
The piRNA pathway is continuously required for transposon silencing Several prior studies have proposed models in which Piwi proteins silence targets by interfering with their transcription (Pal-Bhadra et al. 2004) . Since piRNAs are largely absent from somatic tissues (Cox et al. 2000) , impacts underlying these changes are presumed to have occurred during development and to have been epigenetically maintained in the adult. Drosophila Piwi protein is mainly localized to the nucleus and has been shown to interact with HP1, a core component of heterochromatin (Pal-Bhadra et al. 2004; Brower-Toland et al. 2007 ). Considered together, this body of evidence pointed strongly to an effector mechanism in which Piwi-associated small RNAs direct heterochromatin formation and silencing of targets.
Loss of piwi has dramatic effects on transposon expression in somatic follicle cells (Sarot et al. 2004; Brennecke et al. 2007; Klenov et al. 2007; ). Genetic mutants result in an absence of Piwi protein throughout development. This could lead to a failure to create heterochromatic marks that could have otherwise maintained epigenetic silencing of transposons in the absence of continuous Piwi expression. Alternatively, there could be an ongoing requirement for Piwi to maintain silencing, irrespective of whether it acted via transcriptional or post-transcriptional mechanisms.
To discriminate between these possibilities, we transfected OSS cells with dsRNAs corresponding to piwi, and followed impacts on Piwi mRNA and protein levels (Supplemental Fig. S1A ; data not shown). Maximal suppression was reached by 3 d, and silencing persisted through day 6. At 6 d post-transfection, we probed impacts on two elements known to be derepressed in the follicle cells of piwi mutant ovaries: gypsy and idefix. Both showed derepression (up to 10-fold) (Fig. 1A ) upon piwi silencing. Additional elements were also tested (Supplemental Fig.  S1B ), with blood being impacted strongly. Previous studies have also implicated zucchini (zuc) in the function of the somatic piRNA pathway (Pane et al. 2007; ). RNAi against this gene also increased gypsy, blood, and idefix expression ( Fig. 1A ; Supplemental Fig. S1B ). Considered together, these results demonstrate that the integrity of the piRNA pathway is essential for the ongoing repression of mobile elements and argue against a model in which silent epigenetic states, once set by the action of piwi proteins on chromatin, can autonomously maintain transposon silencing.
Armitage is a component of the somatic piRNA pathway Nearly a dozen proteins have been linked to the fully elaborated piRNA pathway that operates in germ cells ). Many of these show germ cell-specific expression patterns consistent with their selective biological effects. Mutations in armitage (armi) result in coincident loss of the characteristic nuclear accumulation of Piwi protein and a reduction in Piwi-associated piRNAs ). Unlike most germline-specific pathway components, an examination of RNA-seq data from OSS cells indicated substantial armi expression (Supplemental Fig. S1C ). We therefore suppressed armi by RNAi and examined effects on transposon expression. Notably, gypsy, blood, and idefix were strongly derepressed, implying a role for armi in both the somatic and germline compartments ( The Drosophila mutant armi 1 represents a P-element insertion in the 59 untranslated region (UTR) of armitage. A second allele, armi 72.1 , was derived from armi 1 by imprecise excision (Cook et al. 2004 ). RNA-seq data covered the armi ORF in OSS, but no reads were detected corresponding to the germ cell 59 UTR (Supplemental Fig.  S1D ). This raises the possibility that armi expression might be driven by an alternative promoter in somatic cells, and that the armi alleles examined thus far may have spared the activity of that promoter.
Armitage and Zucchini function at the initiation phase
To investigate whether Armi and Zuc act at the initiation or effector phase of the piRNA pathway, we examined piRNAs. Silencing of piwi reduced levels of two abundant piRNAs, corresponding to gypsy, or idefix (Fig. 1B) . Similar effects were noted upon silencing of armi or zuc. Aggregate OSS piRNA levels can be measured qualitatively by radioactive phosphate exchange of small RNAs in Piwi immunoprecipitates. As expected, RNAi against piwi virtually eliminated piRNAs in immunoprecipitates (Fig.  1C) . Silencing of armi or zuc produced indistinguishable effects.
In germ cells, armi mutation causes loss of the prominent nuclear localization of Piwi ). We observed a similar phenotype upon knockdown of armi in somatic OSS cells ( Fig. 2A) . Because of the mixed cell types present in ovaries, previous studies had not been able to distinguish whether Armi loss simply caused Piwi mislocalization or whether Armi influenced Piwi expression or stability. In OSS cells, knockdown of armi reduced Piwi protein levels by approximately fivefold, equivalent to a targeted knockdown of Piwi itself without affecting piwi mRNA (Fig. 2B,C) . We noted a similar loss of Piwi protein from the nuclei in cells exposed to zuc-dsRNAs ( Fig. 2A) . In this case, Piwi protein but not mRNA levels also fell (Fig. 2B,C) .
Considered together, these data strongly suggest roles of Armi and Zuc in the initiation phase of the piRNA pathway. A role for Armi, along with a previously unrecognized component, Yb, in the somatic pathway, is also supported by a recent report from Brennecke and colleagues (Olivieri et al. 2010) . Either protein could play a role in primary piRNA biogenesis, aiding piRNA production or loading, with this model resting on the presumption that association with mature piRNAs influences Piwi protein stability (Fig. 3A, steps 1, 2) . Alternatively, Armi or Zuc could be core components of mature Piwi RISC, with loss of either subunit destabilizing associated components of the complex (Fig 3A, step 3 ).
Armitage is a component of Piwi RISC
To investigate these alternative models, we performed proteomic analysis of Piwi RNPs. Piwi immunoprecipitates contained a number of peptides from Armi, suggesting that this protein is present in Piwi RISC (Fig. 3B) . Of note, we also detected association of both Piwi and Armi with Squash (Squ), another previously identified piRNA pathway component (Pane et al. 2007 ). Piwi could be also detected in Squ immunoprecipitates by Western blotting. Although no Zuc peptides were seen in multidimensional protein identification technology (MudPIT), Piwi could be detected to a low extent in Zuc immunoprecipitates ( Fig. 3C; Supplemental Fig. S2) . Overall, the emerging picture suggests that both Armi and Squ are components of Piwi RISC. Lower levels of Piwi associated with Zuc might indicate a weaker or more transient association of Zuc with Piwi RISC.
Squash impacts the piRNA effector step
Mutations in squash (squ) show little impact on piRNA populations in mutant ovaries ). Similarly, upon sequencing of small RNAs in Piwi immunoprecipitates, we failed to detect any differences in associated piRNA populations upon comparison of squ homozygous mutant animals to heterozygous siblings (Fig. 4B) . Animals harboring two squ alleles interrupted by early stop codons did, however, display an effect on transposon silencing.
As compared with heterozygous siblings, squ mutants showed significant derepression of gypsy (Fig. 5A ). This occurred without any detectable change in an abundant gypsy piRNA or overall Piwi levels (Fig. 5B,C) . In contrast, no substantial changes were detected in idefix or ZAM (Fig. 5A,B) ; however, I-element and blood were strongly derepressed (Supplemental Fig. S3 ).
Considered together, these results point to a role of squash in the effector phase of the piRNA pathway. We did note a slight but reproducible reduction in Piwi protein levels in homozygous squ mutants ( Fig. 5C; Supplemental Fig. S4 ). However, this was well within the range observed in Piwi heterozygotes, where the piRNA pathway functions completely normally.
A possible role for Zucchini in piRNA biogenesis
In the initial screen that placed zuc within the piRNA pathway, two alleles were identified (Schupbach and Wieschaus 1991; Pane et al. 2007) . zuc HM27 represents an early stop mutation resulting in a putative null allele (referred to as zuc mut). This mutant strongly affects piRNA silencing in both germline and somatic cells of the ovary (Pane et al. 2007; ). While somatic piRNAs are depleted in this mutant, ping-pong signatures remain intact ). This places Zuc outside of the adaptive phase, consistent with our accumulating evidence for a role in the initiation phase.
While the biochemical properties of Zuc have yet to be analyzed, its protein sequence places it as a member of the phospholipase D (PLD) family of phosphodiesterases. These share a HxK(x) 4 D motif, whose integrity is Cold Spring Harbor Laboratory Press on June 22, 2017 -Published by genesdev.cshlp.org Downloaded from essential for catalytic activity (Zhao et al. 1997; Sasnauskas et al. 2010) . The second zuc mutation that emerged in the original screen, zuc SG63 , contains a H / Y mutation within the phosphodiesterase motif that is predicted to render it catalytically inactive. To probe a role for Zuc catalytic activity in the piRNA pathway, we compared the presumed null (zuc mut) and catalytically dead (zuc H / Y) alleles for their effects on piRNAs and transposon silencing.
We analyzed total ovarian small RNAs from animals that were heterozygous or homozygous for the zuc H / Y allele and compared the resulting profiles to previously published analyses of the presumed zuc mut allele ). In both cases, we saw strong reductions in total piRNAs and in populations that mapped uniquely to the flamenco locus (Fig. 4A) , regardless of the normalization method used to compare libraries (Supplemental Fig. S5 ). Slightly stronger impacts were apparent when we compared profiles of Piwi immunoprecipitates (Fig. 4B) . Here, piRNA populations corresponding to flamenco were almost completely lost. We did note an accumulation of 21-nt species in Piwi immunoprecipitates from both zuc mutant lines. These were enriched for a 59 U, although not to the extent for longer piRNA species. The nature of these shorter, apparently Piwiassociated RNAs remains mysterious. Both the presumed null and H / Y zuc alleles impacted transposon silencing (Fig. 5A) . Between fivefold and 20-fold increases in gypsy, ZAM, and idefix were noted in comparison with heterozygous controls. Even stronger derepression could be observed for I-element, HeT-A, 1731, and blood (Supplemental Fig. S3 ). The zuc H / Y and zuc mut alleles also showed similar impacts on piRNA populations (Fig. 5B ) and the overall levels of Piwi protein ( Fig. 5C; Supplemental Fig. S4 ).
Considered together, these data point to a requirement for the presumed catalytic center of Zuc in the initiation phase of the piRNA pathway. Other PLD family nucleases that have been characterized to date cleave nucleic acids leaving 59 phosphate and 39 hydroxyl termini (Pohlman et al. 1993; Zhao et al. 1997; Sasnauskas et al. 2010) . These are the characteristics one might expect for a processing enzyme that catalyzed primary piRNA biogenesis. Previous studies have posited the requirement for several nucleolytic activities in the piRNA pathway. One is thought to form the 59 ends of primary piRNAs. The Figure 5D are indicated by asterisks. loading or could be coupled to protein binding, as is posited for the ping-pong cycle. The nucleolytic center of Piwi proteins themselves form the 59 ends of secondary piRNAs, with their 39 ends proposed to be created by a separate enzyme. Based on its impacts in the soma on Piwi complexes, we imagined that the Zuc catalytic center might form either the 59 or 39 ends of primary piRNAs.
To evaluate this hypothesis, we examined RNAs derived from the flamenco locus in control ovaries or in tissues from animals homozygous for either of the two zuc mutant alleles. The prevailing model holds that the flamenco locus is transcribed as a continuous, singlestranded precursor spanning >150 kb . We reasoned that a defect in primary processing might result in an accumulation of long RNAs from this locus, since they would not be effectively metabolized into piRNAs. By quantitative PCR (qPCR) using primer pairs spanning three different regions of flamenco (see Fig. 4B , right panel), we saw 15-fold to 45-fold increases in flamenco-derived long RNAs in zuc mutant ovaries ( Fig.  5D; Supplemental Fig. S6 ).
Considered as a whole, our results strongly support a role for Zucchini in the primary processing of piRNAs from the flamenco locus. Given its size, it is virtually impossible to follow the fate of the intact flamenco transcript by Northern blotting. Three different segments of the locus do show an accumulation consistent with their failure to be parsed into piRNAs. However, several alternative explanations can also be envisioned. For example, if Zucchini impacts Piwi stability, feedback controls might operate to inhibit primary biogenesis. Without a direct, biochemical demonstration that Zucchini processes piRNA cluster transcripts, its assignment as a primary biogenesis enzyme must be viewed as provisional. However, any alternative model must account for the requirement for its phosphodiesterase active site, and, at present, a direct role in piRNA biogenesis seems the most parsimonious conclusion.
While our studies do not ascribe specific functions to Armitage and Squash, they do support their assignment to the initiator and effector phases, respectively. Armitage is a putative helicase, although no analyses as yet indicate whether this biochemical activity is required for its function. Our placement of this protein in the initiation phase and its intimate association with Piwi perhaps suggest a role in loading or stability of Piwi RISC. Squash, of all the components examined in this study, had the most variable effects on transposon control in somatic cells of the ovary (Figs. 1A, 5A ), but both its physical association with Piwi RISC and its impact on transposons without an effect on piRNAs imply a role in the effector phase. While the studies reported herein can suggest roles for known pathway components at specific points in the piRNA pathway, a definitive conclusion regarding the part played by any of these proteins will require reconstitution of the pathway in vitro.
Materials and methods

OSS cell culture and knockdown
The OSS cell line was a kind gift from Yuzo Niki, and was cultured as described (Niki et al. 2006) . dsRNA was prepared as described (http:// www.flyrnai.org/DRSC-PRS.html). Cells were transfected with dsRNA using Xfect Transfection Reagent (Clontech). Six days after transfection, RNA and protein were extracted. Detailed information for RT-qPCR, Western blotting, and immunofluorescence is available in the Supplemental Material.
Fly stocks and allelic combinations
Fly stocks and allelic combinations used were squ mut: squHE47/PP32 (Pane et al. 2007 ); zuc mut: zucHM27/Df(2I)PRL (Pane et al. 2007) ; and zuc H / Y: zucHM27/SG63 (Pane et al. 2007 ).
Preparation of small RNA libraries
Small RNA libraries were prepared as described ).
Detailed information is available in the Supplemental Material. 
